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I n t r o d u c t i o n  

As t h e  ambient p ressu re  f o r  a coa l  d e v o l a t i l i z a t i o n  process i s  reduced, u l t i -  

mate y i e l d s  o f  t a r  i nc rease  s u b s t a n t i a l l y .  For h i g h  v o l a t i l e  b i t um inous  c o a l s ,  t a r  

y i e l d s  f rom vacuum p y r o l y s i s  can be f i f t y  pe rcen t  g r e a t e r  than f rom h i g h - p r e s s u r e  

p y r o l y s i s .  Th i s  behavior  has l o n g  been a t t r i b u t e d  t o  c o m p e t i t i v e  secondary chem- 

i s t r y  i n  t h e  gas phase o c c u r r i n g  on a t i m e  s c a l e  d i c t a t e d  by t r a n s p o r t  o f  v o l a t i l e  

m a t t e r  through t h e  p a r t i c l e  su r face .  Among t h e  escape mechanisms compa t ib le  w i t h  
c o a l ' s  complex p h y s i c a l  s t r u c t u r e ,  b u l k  and Knudsen pore d i f f u s i o n ,  e x t e r n a l  f i l m  

d i f f u s i o n ,  cont inuum f l ow ,  and bubble g rowth  i n  v i scous  m e l t s  have been t r e a t e d ,  as  
rev iewed r e c e n t l y  by Suuberg (1). 

These models c o r r e l a t e  t h e  reduced u l t i m a t e  y i e l d  f o r  increased ambient  

pressures,  b u t  impor tan t  f e a t u r e s  o f  p y r o l y s i s  over  a range o f  p ressu re  rema in  unex- 

p l a i n e d .  F i r s t ,  t h e  measured r a t e  o f  we igh t  l o s s  f o r  i d e n t i c a l  thermal  h i s t o r i e s  i s  

t h e  same f o r  p ressu res  between vacuum and 3.45 M Pa (2). Second, t a r  d e p o s i t i o n  

e x e r t s  a n e g l i g i b l e  i n f l u e n c e  on bo th  y i e l d s  and e v o l u t i o n  r a t e s  th roughou t  a l l  

p ressu res  o f  p r a c t i c a l  i n t e r e s t ,  based on t h e  s c a l i n g  f rom an independently-measured 

t a r  c r a c k i n g  r a t e  and a measured v o l a t i l e s  escape r a t e  ( 3 ) .  Th i rd ,  t h e  m o l e c u l a r  

we igh t  d i s t r i b u t i o n s  (MWD) o f  t a r  s h i f t  toward lower  mo lecu la r  we igh ts  as t h e  ambi- 

e n t  p ressu re  i s  increased (1,4,5). 
1 
I The r e a c t i o n  model i n t roduced  he re  (FLASHKIN) c o r r e l a t e s  t h e  reduced u l t i m a t e  

y i e l d s ,  p r e d i c t s  e v o l u t i o n  r a t e s  which a re  , independent o f  pressure,  and e x p l a i n s  t h e  

I observed s h i f t s  i n  t a r  MUD f o r  v a r i e d  ambient pressures.  It i n t e r p r e t s  coa l  de-  
Y v o l a t i l i z a t i o n  as a s i n g l e - s t a g e  e q u i l i b r i u m  f l a s h  d i s t i l l a t i o n  dr iver1 by compe t i -  

t i v e  chemical k i n e t i c s .  Whi le  t h e  mathemat ica l  f o r m u l a t i o n  accommodates r a t e - l i m i t -  
c 

i n g  mass t r a n s p o r t  r e s i s t a n c e s ,  homoger;eous chemis t r y  i s  excluded and mass t r a n s p o r t  

r e s i s t a n c e s  a re  deemed n e g l i g i b l e  f o r  t h e  p a r t i c l e  s i z e s  considered i n  t h e  compar- 
i s o n s  w i t h  da ta .  I n  t h i s  respec t ,  FLASHKIN advances a m i n o r i t y  v iewpo in t  r o o t e d  i n  

t h e  p a r a l l e l s  between p y r o l y s i s  and e v a p o r a t i v e  d r y i n g  drawn by Pe te rs  and B e r t l i n g  

(6), and t h e  aspects  o f  phase e q u i l i b r i u m  i n c l u d e d  i n  t h e  models o f  James and M i l l s  
(7) and N iksa  ( 8 ) .  
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Reaction Mechwisms - - ~ ~ -  
The reactior, mechar,isms ir FLASHKIN develop an analogy between coal pyrolysis  

and a s ingle-s tage equi l ibr ium f lash  d i s t i l l a t i o n .  In any f lash  d i s t i l l a t i o n ,  an 
equilibrium r e l a t i o n  (such as Raoul t ' s  law in the  simplest case) descr ibes  the par- 
t i t io r ; ing  o f  chemical species  i n t o  the vapor and condensed phases a t  fixed pressure 
and temperature. The portion of the feedstream which evaporates i s  determined by a 
mole balance among the feed and product streams. Usually the composition and 
throughput of  the feedstream and the temperature and pressure of the f lash  chamber 
a r e  known, so t h a t  the  composition and ef f lux  of the vapor and l iquid streams can be 
determined. 

In  the coal pyrolysis  react ion system, there  is  no feedstream per se; ra ther ,  
the coal macromolecule d is in tegra tes  in to  fragments which range il; s i z e  from hydro- 
carbon gases having an average molecular weight of 25 g/mole to  polymeric pieces of 
coal of molecular weight t o ,  perhaps, 104-106 g h o l e .  The r a t e  a t  which theses  
species  are introduced in to  the  system i s  determined by the  primary thermal re -  
action s. 

The f lash chamber is, of course, the  porous fuel p a r t i c l e .  In softening coa ls ,  
the  vapor i s  f u l l y  dispersed throughout the melt as  bubbles i n  a viscous l iqu id ;  
otherwise, t h e  vapor i s  dispersed throughout a pore system which de l inea tes  so l id  
subuni ts  o f  a few hundred angstroms i n  s i z e  ( the  s i z e  of mesopores). Regardless of 
the  form o f  t h e  condensed phase, we assume t h a t  t h e i r  composition i s  uniform 
throughout the  p a r t i c l e ,  because the c h a r a c t e r i s t i c  dimension of the subunits of 
condensed matter is  so small. The temperature of the system i s  external ly  imposed 
and, under the r e s t r i c t i o n  of negl igible  inter t ia l  heat t ransfer  res i s tances ,  the  
p a r t i c l e  i s  isothermal. B u t  the  in te rna l  pressure r e f l e c t s  the react ion dytiamics. 
In a c t u a l i t y ,  the in te rna l  pressure reaches a level compatible w i t h  the generation 
r a t e  of gases and t h e  res i s tance  to  escape. Despite the modeling discussed e a r l i e r ,  
the  in te rna l  pressure remains ambiguous because c o a l ' s  physical s t ruc ture  admits 
several plausible  t ranspor t  mechanisms, and a l s o  because the t ransport  coef f ic ien ts  
a r e  uncertain. We a s s e r t  t h a t  the time sca le  f o r  mass t ransport  i s  much shorter  
than t h e  primary decomposition time, a s  appl icable  t o  continuum flow driven by a I 

pressure gradient ,  and deduce t h a t  the internal  and ambient pressures  a re  near ly  1 

equi Val ent. j 
I 
1 
s 
! 

Since the primary decomposition fragments encompass l i g h t  gases and high poly- 
mers, the vapor i s  regarded as  a binary mixture of ( a )  noncondensibles, r e s t r i c t e d  
t o  aolecular  weights below 100 to  represent l i g h t  gases ,  and (b)  a continuous mix- 
t u r e  of vapor fragments of molecular weight from 100 t o  i n f i n i t y ,  t o  represent t a r .  
The t a r  vapor i s  represented by a continuous MWD. The condensed phase i s  envisioned 3 

3 a s  a binary mixture of nonvolat i le  char and a continuous mixture o f  evaporating com- 

E O  
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pounds o f  mo lecu la r  we igh t  g r e a t e r  t h a c  100; again,  t h e  condensed-phase c o n t i n u o u s  

m i x t u r e  i s  represented  by a cont inuous  MWD. 

E q u i l i b r i u m  i s  asser ted  between t h e  vapor and condensed co f i t inuous  m i x t u r e s  on 

t h e  b a s i s  o f  s c a l i n g  t h e  molar  c o n c e n t r a t i o n s  i n  t h e  vapor and condensed phases. 

Since t h e  d e n s i t i e s  o f  gaseous and condensed spec ies  d i f f e r  by t h r e e  t o  f o u r  o r d e r s  

o f  magnitude, t h e  accumula t ion  o f  vapor w i t h i n  t h e  p a r t i c l e  i s  e n t i r e l y  n e g l i g i b l e .  

I n  o t h e r  words, t h e  vapor compos i t ion  i s  i n  quas i -s teady  e q u i l i b r i u m  with t h e  chang- 

i n g  condensed phase compos i t ion .  The t i m e  s c a l e  on which t h e  phase e q u i l i b r i u m  i s  

e s t a b l i s h e d  i s  t h e  s h o r t e s t  i n  t h e  system. 

The composi t ior ;s o f  t h e  cont inuous  m i x t u r e s  i n  the  vapor and condensed phases 
are  r e l a t e d  by a g e n e r a l i z a t i o n  o f  R a o u l t ' s  law. T h i s  s imp le  fo rm i s  i n  keep ing  

wi th t h e  l a c k  o f  d a t a  on h i g h  molecu la r  w e i g h t  c o a l  p r o d u c t s  such as t a r .  Never the-  
l e s s ,  t h e  f o r m u l a t i o n  i n  FLASHKIN i s  more advanced than p r e v i o u s  r e n d e r i n g s  o f  

R a o u l t ' s  l a w  i n  p y r o l y s i s  model ing (7-9).  

U n t i l  v e r y  r e c e n t l y ,  mult i -component phase e q u i l i b r i u m  was analyzed i n  te rms o f  
d i s c r e t e  pseudo-components presuming t h a t  b a s i c  thermodynamic r e l a t i o n s  expressed i n  

terms o f  t h e  mole f r a c t i o n s  o f  t h e  spec ies  app ly ,  computa t iona l  burdens n o t w i t h -  

s tand ing .  T h e i r  obv ious  l i m i t a t i o n  i s  t h a t  d i s c r e t e  mole f r a c t i o n s  f o r  m i x t u r e s  as 

complex as coa l  t a r  a r e  i m p o s s i b l e  t o  measure. "Cont inuous thermodynamics" c i rcum-  

vents  t h i s  d e f i c i e n c y  by r e c a s t i n g  t h e  c o n d i t i o n s  f o r  phase e q u i l i b r i a  i n  te rms o f  

con t inuous  d i s t r i b u t i o n s  o f  macroscopic c h a r a c t e r i s t i c s  such as a r o m a t i c i t y ,  carbon 

number, normal b o i l i n g  p o i n t  and, most p e r t i n e n t  t o  t h i s  model, m o l e c u l a r  we igh t .  

Recent p u b l i c a t i o n s  by P r a u s n i t z  and coworkers (10,ll) and Ratzsch and Kehlen (12) 
deve lop  t h e  r e s u l t s  used i n  FLASHKIN and access t h e  l i t e r a t u r e  on t h e  genera l  

theory .  

F i n a l l y ,  t o  complete t h e  analogy between p y r o l y s i s  and a f l a s h  d i s t i l l a t i o n ,  

t h e  e f f l u x  o f  vapor and l i q u i d  "p roduc ts"  must be s p e c i f i e d .  The e f f l u x  o f  vapor 

species i s  s imp ly  t h e  sum o f  t h e  e v o l u t i o n  r a t e s  o f  gas and t a r .  W i t h i n  t h e  con-  

s t r a i n t s  of  n e g l i g i b l e  mass t r a n s p o r t  r e s t r i c t i o n s  and n e g l i g i b l e  vapor accumula t ion  
no ted  above, t h e  escape r a t e  o f  l i g h t  gases must match t h e  g e n e r a t i o n  r a t e  o f  gases 

f r o m  t h e  p r i m a r y  thermal r e a c t i o n s ;  i. e . .  gases escape a t  t h e i r  r a t e  o f  p r o d u c t i o n  

by chemical  r e a c t i o n .  The t a r  e v o l u t i o n  r a t e  i s  a l s o  s p e c i f i e d  by t h i s  r a t e ,  w i t h  

t h e  a d d i t i o n a l  c o n s t r a i n t s  t h a t  mole f r a c t i o n s  f o r  the  b i n a r y  vapor sum t o  u n i t y ,  

and t h a t  phase e q u i l i b r i u m  i s  ma in ta ined.  

Of course ,  no condensed phase species l e a v e  t h e  p a r t i c l e .  B u t  t h e i r  e f f l u x  

r a t e  i s  analogous t o  t h e  r a t e  a t  which t h e  condensed cont inuous  m i x t u r e  fo rms an 

i n v o l a t i l e  char.  Lack ing  guidance f rom exper iment,  we assume t h a t  t h e  char  forma- 
t i o n  r a t e  i s  indepecdent o f  t h e  m o l e c u l a r  we igh t  o f  the  components i n  t h e  m i x t u r e .  
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The b a s i c  s t r u c t u r e  o f  coa l  p y r o l y s i s ,  e s p e c i a l l y  t a r  e v o l u t i o n ,  shares many 

s i m i l a r i t i e s  w i t h  a s i n g l e  s tage e q u i l i b r i u m  f l a s h  d i s t i l l a t i o n .  The amount o f  t a r  

i n  the  vapor phase w i t h i n  t h e  f u e l  p a r t i c l e  i s  i n  e q u i l i b r i u m  w i t h  a con t inuous  m ix -  

t u r e  o f  h i g h  m o l e c u l a r  we igh t  f ragments i n  e i t h e r  t h e  s o l i d  subun i t s  o r  v i scous  

me l t .  Generat ion r a t e s  and t h e  e f f l u x  o f  i n t e r m e d i a t e s  and p roduc ts  a re  e s t a b l i s h e d  

by chemical r e a c t i o n  r a t e s .  A s  e labora ted  i n  t h e  f u l l  paper, t h e  e v o l u t i o n  r a t e s  o f  

t a r  and l i g h t  gases, and t h e  t a r  MWD a r e  comp le te l y  s p e c i f i e d  by c l o s i n g  t h e  mole 

balance among t h e  r e a c t i o n  species.  
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